Optic neuritis (ON), inflammation of the optic nerve, is strongly associated with the pathogenesis of multiple sclerosis (MS) and is initiated by the attack of autoreactive T cells against self-myelin antigens, resulting in demyelination, degeneration of retinal ganglion cells (RGCs), and cumulative visual impairment. METHODS. Experimental autoimmune encephalomyelitis (EAE) was induced in Lewis rats on day 0, and animals received daily intraperitoneal injections of calpain inhibitor (calpeptin) or vehicle from day 1 until killed. Retinal cell death was analyzed by DNA fragmentation, and surviving ganglion cells were quantified after double labeling of retinal tissue with TUNEL and Brn3a. )-dependent neutral protease calpain as an integral player in the damaging events of ON and MS. Both ubiquitous and tissue-specific calpains have been recognized, which play roles in cell proliferation and differentiation, T-cell activation, cell migration, signal transduction, necrosis, and apoptosis. 15 Moreover, increased expression of -calpain and m-calpain, requiring M and mM Ca 2ϩ concentrations for activation, respectively, was detected in EAE-ON optic nerve before the onset of clinical signs of paralysis. 12, 13 Calpain inhibition has shown neuroprotective efficacy in animal models of ischemia, cataracts, 16 traumatic brain injury, 17 photoreceptor degeneration, 18 and glutamate excitotoxicity, 19 indicating that the inhibitors cross the blood-brain barrier under pathologic conditions and are cell-permeable. Calpeptin attenuated apoptosis in a retinal explant culture after optic nerve injury. 20, 21 Furthermore, calpain inhibition can reduce the development of acute and chronic inflammation in vivo. 22, 23 The effects of calpain inhibitors in ON are unknown, although a recent in vitro study demonstrated that calpeptin provides functional neuroprotection to retinal ganglion cells (RGCs) in response to IFN␥ exposure. 20 Thus, we undertook a study to investigate the efficacy of this cell-permeable calpain inhibitor to reduce inflammation and attenuate apoptosis in the retina of animals after induction of acute EAE-ON.
M ultiple sclerosis (MS) is an autoimmune, demyelinating disease of the central nervous system (CNS), with clinical signs including fatigue, paralysis, and visual dysfunction. 1 Optic neuritis (ON), inflammation of the optic nerve, is associated with MS. Manifestations of ON include decreased sensation of light brightness, changes in color vision, and reduced visual acuity, which are the initial signs of MS in 15%-20% of patients. Moreover, 38%-50% of MS patients eventually develop ON during subsequent relapses. 2 MS and ON are thought to result from inflammatory attacks on the myelin sheath by autoreactive T cells and other immune cells, resulting in demyelination, axonal damage, and cell death. 3 Throughout disease progression, neurodegenerative events may occur even in the absence of an acute immune attack. 4 Postmortem and magnetic resonance imaging (MRI) studies have demonstrated optic nerve atrophy after the onset of ON and MS. [5] [6] [7] [8] Moreover, both experimental and clinical optical coherence tomography (OCT) studies revealed thinning of the retinal nerve fiber layer (RNFL) in the diseased retina. 9 -11 Experimental autoimmune encephalomyelitis (EAE) is an animal model commonly used for studying the pathophysiology of ON (EAE-ON) and MS. EAE is induced in rodents by administering spinal cord homogenate and myelin proteins, such as myelin basic protein (MBP), myelin oligodendrocyte protein (MOG), and proteolipid protein, or by adoptive transfer of MBP or MOG-specific T cells to naïve rodents. Experiments with EAE animals 12, 13 and examination of CNS lesions of MS patients 14 have identified the calcium (Ca 2ϩ )-dependent neutral protease calpain as an integral player in the damaging events of ON and MS. Both ubiquitous and tissue-specific calpains have been recognized, which play roles in cell proliferation and differentiation, T-cell activation, cell migration, signal transduction, necrosis, and apoptosis. 15 Moreover, increased expression of -calpain and m-calpain, requiring M and mM Ca 2ϩ concentrations for activation, respectively, was detected in EAE-ON optic nerve before the onset of clinical signs of paralysis. 12, 13 Calpain inhibition has shown neuroprotective efficacy in animal models of ischemia, cataracts, 16 traumatic brain injury, 17 photoreceptor degeneration, 18 and glutamate excitotoxicity, 19 indicating that the inhibitors cross the blood-brain barrier under pathologic conditions and are cell-permeable. Calpeptin attenuated apoptosis in a retinal explant culture after optic nerve injury. 20, 21 Furthermore, calpain inhibition can reduce the development of acute and chronic inflammation in vivo. 22, 23 The effects of calpain inhibitors in ON are unknown, although a recent in vitro study demonstrated that calpeptin provides functional neuroprotection to retinal ganglion cells (RGCs) in response to IFN␥ exposure. 20 Thus, we undertook a study to investigate the efficacy of this cell-permeable calpain inhibitor to reduce inflammation and attenuate apoptosis in the retina of animals after induction of acute EAE-ON.
We have previously established that increased calpain activity is detected in EAE optic nerves before onset of clinical signs of paralysis. In the present study, we observed increased expression and activity of calpain in the retina during acute EAE-ON. Furthermore, proapoptotic proteases and both calpain-and caspase-3-specific spectrin breakdown products (SBDPs) were upregulated in the retina during the disease peak. Our investigation showed that daily treatment with the calpain inhibitor calpeptin attenuated the expression of proapoptotic proteases and inflammatory molecules in the retina, ultimately leading to an increase in surviving RGCs.
MATERIALS AND METHODS

Induction of EAE and Calpeptin Therapy
The Lewis rat model is an acute model of EAE in which animals develop one inflammatory episode and then fully recover with no further relapse. Male Lewis rats (6 weeks) were obtained from a commercial vendor (Charles River Laboratories, Wilmington, MA) and provided with unrestricted access to water and food pellets. Animals were immunized subcutaneously with 0.2 mL of purified guinea pig MBP (200 g/mL) and guinea pig spinal cord homogenate (200 g/mL) in saline, emulsified with an equal volume of complete Freund's adjuvant (CFA) containing Mycobacterium tuberculosis H37Ra (10 mg/ mL; Difco, Detroit, MI). Controls were injected with saline/CFA only. All rats received an intraperitoneal (IP) injection of 0.125 mL of pertussis toxin (12.5 g/mL) 2 hours after immunization. On days 1 to 10 post-EAE induction, control, and EAE rats received twice-daily IP injections of either vehicle (0.1% dimethyl sulfoxide [DMSO] 
Protein Analysis by Western Blotting
Procedures for protein analyses have been previously described. [17] [18] [19] Briefly, optic nerves were homogenized in 50 mM Tris buffer (pH 7.4) containing 5 mM EGTA and 1 mM phenylmethylsulfonyl fluoride. After determination of protein concentration, known amounts of all samples were separated by 4%-20% linear gradient SDS-PAGE. After SDS-PAGE, proteins were transferred onto nitrocellulose membranes, which were probed with primary antibodies then incubated with horseradish peroxidase-conjugated secondary antibodies. Specific protein bands were detected using a charge-coupled device detection system (Fluorchem FC2 Chemiluminescent CCD Detection System; Alpha Innotech, San Leandro, CA). Western blot data were analyzed using ImageJ software (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij/index/html) to determine optical density (OD) of the bands. The OD reading was normalized to ␤-actin to account for variations in loading, and the mean of each treatment group was determined. Differences between groups were analyzed by the Kruskal-Wallis test followed by the Mann-Whitney U test for individual comparisons. The results were expressed as mean Ϯ SEM of independent experiments (n Ն 3). The null hypothesis for each comparison was rejected at P Ͻ 0.05.
Analysis of Genomic DNA Fragmentation
EAE-ON animals were killed and whole retinas were digested in a homogenization solution (10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 10 mM EDTA, 0.5% SDS, 250 ng/L proteinase K) at 37°C for 24 hours. Digests were extracted twice with a 1:1 (v/v) mixture of phenol and chloroform, and once with chloroform alone. Total genomic DNA was precipitated, dried in air, and dissolved in TE (10 mM Tris-HCl, pH 8.0, 1 mM EDTA) buffer during a 1-hour incubation at 37°C. Equal amounts of sample were loaded onto 1.6% agarose gels and electrophoresed in 1ϫ TAE (40 mM Tris-acetate, pH 8.3, 1 mM EDTA) buffer. The gels were stained with ethidium bromide (1 mg/mL) and the DNA profile was observed on a UV (303 nm) transilluminator.
TUNEL Assay and Immunohistochemistry
Enucleated eyes were fixed in 4% methanol-free formaldehyde in PBS (pH 7.4) for 4 hours before retinal dissection. The tissue was then saturated in 30% sucrose, embedded in OCT, and cryosectioned (14 m). The TUNEL assay was performed according to a previously described protocol. 24 Before primary antibody staining, nonspecific binding sites were blocked with the same serum as the secondary antibody for 1 hour at room temperature then incubated with Brn3a antibody (1:200; Santa Cruz Biotechnologies, Santa Cruz, CA) overnight at 4°C. Colabeled Brn3a sections were incubated with a (1:100) secondary antibody conjugated with a fluorescent dye (Texas Red; Vector Laboratories, Burlingame, CA) for 30 minutes in the dark. The slides were mounted with a single drop of mounting medium (Vectashield; Vector Laboratories) and coverslipped. The sections were viewed under a fluorescence microscope at magnification ϫ200 (Carl Zeiss Meditec, Dublin, CA).
Cell Counting
Brn3a-positive RGCs were counted within four fields (approximately 400 m in length) in two identical areas of each central retina and two areas of each peripheral retina (one eye each from three to five animals, four sections per eye). The fields were placed at a maximum of 500 m from the optic disc. Brn3a-positive cells were counted in each field, excluding cells that were also TUNEL-positive, the values were averaged, and the SE was calculated. The percentage difference from the control-vehicle counts, set at 100%, was calculated for each treatment group. One-way ANOVA followed by Tukey's Honestly Significant Difference test were used to calculate P-values between treatment groups. A significant difference was defined as a value of P Ͻ 0.05.
RESULTS
Attenuation of DNA Fragmentation and Preservation of Retinal Ganglion Cell Survival in the Retina of EAE-ON Animals Treated with Calpeptin
We first sought to determine whether cell death was occurring in the retina of acute EAE-ON animals after challenge with myelin antigens (Fig. 1) . Analysis of internucleosomal DNA fragmentation indicated a substantial increase in retinal cell death 10 days after EAE induction (Fig. 1A ). At all doses tested, calpeptin attenuated internucleosomal DNA fragmentation in EAE-ON retinas, such that apoptotic cell death levels were similar to those found present in control retinas. Because apoptotic cell death was increased in acute EAE-ON retina and calpain inhibition was protective, we expected that RGCs were dying, possibly after retrograde degeneration of the optic nerve axons. Brn3a is an excellent marker for rat RGCs, and it has been shown to label as many RGCs as a fluorescent retrograde axonal tracer (Fluoro-Gold). Moreover, Brn3a expression is still present in injured cells. 25, 26 The TUNELϩ cells identified were also positive for Brn3a, and calpeptin treatment decreased the frequency of TUNELϩ Brn3a cells in the RGC layer, leading to an overall increase in the frequency of viable RGCs (Fig. 1B) .
Effect of Calpeptin on Calpain and Calpastatin Expression in EAE-ON Retina
Since calpeptin limited RGC death in EAE-ON animals, we next examined the changes in expression of calpain and its endogenous inhibitor, calpastatin, in the retina of untreated and treated EAE-ON animals (Fig. 2) . Expression of the inactive 80-kDa calpain subunit in retina was increased in EAE-ON animals and significantly decreased in animals treated daily with 100 g/kg calpeptin ( Fig. 2A) . Although retinal expression of the active 76-kDa calpain subunit was upregulated in EAE-ON animals, it was not significantly reduced by any dose of calpeptin tested, due to the variability in expression between samples (Fig. 2A) . Inversely, calpastatin was downregulated in retina of EAE-ON animals, but treatment with 100 or 250 g/kg calpeptin restored calpastatin expression to levels comparable to those of control animals (Fig. 2B) .
Calpeptin Attenuated Activities of Calpain and Caspase-3 in EAE-ON Retina
We determined the activities of both calpain and caspase-3 in retina of EAE-ON animals before and after treatment with calpeptin (Fig. 3) . Because calpain directly cleaves ␣-spectrin into a 145-kDa SBDP, we have determined the level of SBDP as a surrogate of calpain activity. Expression of 145-kDa SBDP was increased by nearly threefold in the retina of acute EAE-ON animals and restored to control levels after treatment with all doses of calpeptin (Fig. 3A) . Caspase-3 is a common effector caspase of both the intrinsic and extrinsic pathways of apoptosis. All three isoforms of caspase-3 were upregulated in EAE-ON, and levels of all isoforms were significantly reduced in retinas of rats treated with 100 g/kg calpeptin (Fig. 3B) . The 120-kDa SBDP, a surrogate of caspase-3 activity, was not significantly increased in retina of EAE-ON animals (Fig. 3A) , although its activity was decreased with the highest dose of calpeptin. These results suggest a predominant role for calpain activity in the pathogenesis of EAE-ON.
Calpain Inhibition Decreased Expression of Caspase-8, tBID, and the Bax/Bcl-2 Ratio in EAE-ON Retina
Because cross-talk exists between calpain and caspase-8, an extrinsic initiator caspase in pathways of cell migration 27, 28 and apoptosis, 29 we examined whether calpain inhibition can affect processing of pro-caspase-8 to active caspase-8 as a mechanism for inducing retinal degeneration. With substrates that include apoptosis-related effector caspases and proapoptotic Bcl-2 family members, active caspase-8 is capable of initiating cascades of cellular events that result in apoptosis. 30 Expression levels of the 55-kDa pro-caspase-8 and active 18-kDa caspase-8 were significantly increased in the retina of acute EAE-ON animals (Fig. 4A) , and 100 or 250 g/kg calpeptin significantly decreased retinal expression of the active isoform (Fig. 4A) . Active caspase-8 cleaves Bid to truncated Bid (tBid), which then translocates to the mitochondria to activate Bax. 31, 32 Moreover, calpain cleaves Bax into a 21-kDa Bax fragment that is a more potent inducer of apoptosis than uncleaved Bax. At all doses tested, calpain inhibition attenuated levels of tBid (Fig. 4B) and Bax (Fig. 4C ). Bcl-2 is an antiapoptotic protein and a negative regulator of cytochrome c release from the mitochondria; however, Bcl-2 can be truncated by calpain, producing fragments that promote cell death rather than survival. Bcl-2 protein expression was downregulated in the retina of EAE-ON animals, but treatment with 100 g/kg calpeptin significantly increased expression of the Bcl-2 protein (Fig. 4C) . Overall, the Bax/Bcl-2 ratio was increased nearly fourfold in EAE-ON retina, a trend largely driven by increased Bax expression, and it was effectively restored to the control level in retinas of EAE-ON animals treated with the two highest doses of calpeptin (Fig. 4D) .
Effect of Calpeptin on Expression of NF-B and COX-2 in EAE-ON Retina
Since retinal astrocytes, Müller cells, and microglia are sensitive to changes in the microenvironment due to stress or injury, [33] [34] [35] we hypothesized that these cells might produce proinflammatory factors in response to apoptosis of RGCs in the retina of EAE-ON animals. Retinal glia are capable of producing a host of proinflammatory molecules after such insults as retinal ganglion cell axotomy. 36 Furthermore, significant activation of the transcription factor NF-B has been detected in glial cells after CNS injury and disease. 37 Since activated calpain mediates degradation of IB␣, an endogenous inhibitor of NF-B, independently of caspases, 38 we investigated the effect of calpain inhibition on NF-B expression. We found that NF-B is significantly upregulated in the retina of EAE-ON animals, and treatment with the two highest doses of calpeptin decreased expression of NF-B nearly to the control level (Fig. 5) . Inducible isoforms of COX-2 are transcribed by NF-B; thus, expression of this molecule might contribute to localized inflammation. Expression of COX-2 was increased in retinas of EAE-ON animals and, although there was a trend toward decreased COX-2 expression in calpeptin-treated animals, this difference was not statistically significant.
DISCUSSION
The current goal of therapy for ON and MS is to prevent cumulative neurologic disability. In ON, low-contrast visual acuity is strongly correlated with thickness of the RNFL, indicating that preservation of optic nerve axons with subsequent salvaging of the ganglion cell bodies that give rise to them may protect vision. 39 The present study revealed that treatment of animals with calpain inhibitor was sufficient to decrease the expression of proapoptotic and proinflammatory proteins that are known to interact with calpain. Moreover, we found that calpain inhibition significantly improved the survival of RGCs in the retina of EAE-ON rats. We have previously demonstrated increased expression of active calpain in microglia, macro- Activities of calpain and caspase-3 were attenuated in calpeptin-treated retinas. After induction of EAE, Lewis rats received twice-daily IP doses of calpeptin or vehicle (0.1% DMSO in saline) and were killed on day 10 post-induction for tissue analysis. Representative blots and densometric analysis of (A) SBDP (145-and 120-kDa) and (B) caspase-3 isoforms are shown. ␤-actin was used as a loading control. Treatment groups included Control-Vehicle, EAE-Vehicle, and EAE treated with 50, 100, or 250 g/kg calpeptin (EAE-50, EAE-100, or EAE-250). †P Ͻ 0.05 vs. Control-Vehicle; ‡P Ͻ 0.05 vs. EAE-Vehicle; *P Ͻ 0.01 vs. EAE-Vehicle. n ϭ 3-5.
FIGURE 2.
Calpeptin decreased calpain expression and increased calpastatin in the retina of EAE-ON animals. After induction of EAE, Lewis rats received twice-daily IP doses of calpeptin or vehicle (0.1% DMSO in saline) and were killed on day 10 post-induction for tissue analysis. Representative blots and densometric analysis of (A) calpain and (B) calpastatin expression are shown. ␤-actin was used as a loading control. Treatment groups included Control-Vehicle, EAE-Vehicle, and EAE treated with 50, 100, or 250 g/kg calpeptin (EAE-50, EAE-100, or EAE-250). †P Ͻ 0.05 vs. Control-Vehicle; ‡P Ͻ 0.05 vs. EAE-Vehicle; *P Ͻ 0.01 vs. EAE-Vehicle. n ϭ 3-5.
phages, and astrocytes located in inflammatory foci of EAE optic nerves. 12 In models of optic nerve crush and transection, the calpain 1 signal became overexpressed within hours of injury, and was specifically colabeled with RGCs. 40 An experimental glaucoma study revealed that calpain cleavage of upstream proapoptotic substrates (e.g., calcineurin) was upregulated in RGCs during conditions of elevated intraocular pressure. 41 The acute elevation of calpain activity in response to damage of RGCs makes it an ideal target for the attenuation of both inflammatory and neurodegenerative events in ocular pathologies including optic neuritis.
Expression and activity of calpain were increased in the retina of EAE-ON animals but significantly reduced in animals treated with calpeptin. Conversely, expression of the endogenous calpain inhibitor calpastatin was decreased in the retina of EAE-ON animals, whereas expression was increased to control levels with calpeptin treatment. The attenuation of active caspase-3 expression by calpeptin may have prevented truncation of calpastatin by this protease. It was demonstrated that specific inhibition of caspase-3 rescued axotomized RGCs from secondary neuronal death in vivo. 42 Moreover, optic nerve transection did not alter caspase-3 mRNA levels but resulted in a translational or post-translational upregulation of caspase-3 activity in axotomized RGCs, which supports the hypothesis that the proteolytic activity of calpain is inducing caspase-3 activity.
When caspase-8 is knocked out in the T-cell lineage of transgenic mice via Cre/loxP recombination (Lck/Cre), the mice are viable, but appear to have deficiencies in both T-cell expansion and activation. 43 Moreover, a caspase-8 -deficient Jurkat T-cell line manifested defects in activation responses that could be corrected by retroviral expression of the wildtype caspase-8 gene. Thus, agents that alter expression of this caspase are potentially useful for immunosuppressive therapy. We determined that calpeptin-treated animals manifested a decrease in expression of retinal caspase-8. Moreover, active caspase-8 -mediated cleavage of Bid to tBid was abrogated in calpeptin-treated retinas. In neuron-like differentiated PC12 cells, calpain promotes formation of active caspase-8 from pro-caspase-8 via the A␤ and CD95 pathways, along with degradation of the pro-caspase-8 processing inhibitor caspase-8 (FLICE)-like inhibitory protein, short isoform (FLIP S ). Inhibition of calpain prevents the cleavage of pro-caspase-8 to active caspase-8 and also inhibits FLIP S degradation in PC12 cells. 44 This mechanism of calpain interaction with caspase-8 may be contributing to the neuronal damage we observed in EAE-ON.
Calpain induces an increase in the ratio of the proapoptotic protein Bax to the antiapoptotic protein Bcl-2 by directly cleav- ing Bax to an activated form through a mitochondrial pathway. 45 Activated Bax forms multimers in the mitochondria, with subsequent cytochrome c release, which ultimately leads to apoptosis via formation of the apoptosome protein complex and activation of downstream caspases 3 and 7. 46 In a model of diabetic retinopathy, there was a positive correlation between apoptotic cells and the Bax/Bcl-2 ratio in the retina. 47 Furthermore, an N-methyl-D-aspartate receptor antagonist decreased the Bax/Bcl-2 ratio and the frequency of apoptotic RGC death after ischemia-reperfusion injury to the rat retina. 48 Our finding of a four-fold increase in the Bax/Bcl-2 ratio in EAE-ON retina at disease peak provides further evidence that disruption of this ratio jeopardizes RGC survival. Moreover, calpain inhibition restores the Bax/Bcl-2 ratio to control levels in EAE-ON retina, indicating that treatment with calpeptin can attenuate a proapoptotic sequence at the mitochondrial level.
NF-B is upregulated in the EAE-ON retina and higher doses of calpeptin reverse this effect. The contribution of NF-B activation to EAE pathology has been demonstrated, 49 and transgenic inhibition of NF-B in astrocytes led to functional improvement after both spinal cord injury and EAE, achieved via sustained suppression of CNS inflammation. 37, 50 Although it is a less common MS-associated phenomenon than ON, there is evidence that autoreactive uveitis occurs in both EAE animals and patients with MS. 35, [51] [52] [53] [54] This presentation of uveitis may occur as a result of IgG antibody reactivity against retinal tissue, which has been reported to increase throughout the disease course concurrent with significant microglial activation 35 and glial fibrillary acidic protein immunoreactivity in the inner retinal layers. 55 Calpain constitutively degrades IB␣, an endogenous inhibitor of NF-B, in immune cells 23 ; thus, calpeptin treatment may act via this mechanism to attenuate NF-B expression by retinal inflammatory cells.
In conclusion, this is the first report to identify specific proapoptotic proteases that are upregulated in the retina during acute EAE-ON. In clinical ON, recent evidence suggests that a reduction in thickness of the RNFL correlates with poor visual function. 39, 56 Moreover, RNFL thinning is often accompanied by decreases in macular volume, indicating a secondary loss of neuronal cells. 57, 58 Our findings demonstrate that treatment with calpeptin significantly reduces the expression of proapoptotic proteases and enhances retinal ganglion cell survival in the retina of acute EAE-ON animals. We have also demonstrated that calpeptin reduces the severity of EAE by improving the clinical score of paralysis. 24 A combination of anti-inflammatory compounds, together with calpain inhibitor to reduce neurodegeneration, may significantly augment the current treatment modality. 
